The de novo assembly and post-splicing reassembly of the U4/U6.U5 tri-snRNP remain to be investigated. We report here that ZIP, a protein containing a CCCH-type zinc finger and a G-patch domain, as characterized by us previously, regulates pre-mRNA splicing independent of RNA binding. We found that ZIP physically associates with the U4/U6.U5 tri-small nuclear ribonucleoprotein (tri-snRNP). Remarkably, the ZIPcontaining tri-snRNP, which has a sedimentation coefficient of ϳ35S, is a tri-snRNP that has not been described previously. We also found that the 35S tri-snRNP contains hPrp24, indicative of a state in which the U4/U6 di-snRNP is integrating with the U5 snRNP. We found that the 35S tri-snRNP is enriched in the Cajal body, indicating that it is an assembly intermediate during 25S tri-snRNP maturation. We showed that the 35S tri-snRNP also contains hPrp43, in which ATPase/RNA helicase activities are stimulated by ZIP. Our study identified, for the first time, a tri-snRNP intermediate, shedding new light on the de novo assembly and recycling of the U4/U6.U5 tri-snRNP.
The removal of introns from pre-messenger RNA (pre-mRNA) is a prerequisite for the expression of most eukaryotic genes. Nuclear pre-mRNA splicing is catalyzed by a large dynamic ribonucleoprotein complex, the spliceosome (1, 2) . This molecular machinery is assembled de novo on each intron to be spliced. To facilitate this process, a major portion of the engaged proteins is preassembled into a number of small nuclear ribonucleoprotein (snRNP) 2 modules, each centered on one or more small nuclear RNA (snRNA) molecules (3) (4) (5) .
The spliceosome assembly is an ordered and stepwise process that involves dynamic snRNP-snRNP and snRNPpre-mRNA interactions in which snRNPs U1 and U2 interact first through RNA base-pairing with the intron at the 5Ј-splice site and branch point sequence, respectively (6 -10) . This is followed by binding of the U4/U6.U5 tri-snRNP (11) (12) (13) . The spliceosome then undergoes a major remodeling, releasing U1 and U4 and forming new base pairs between U6 and the 5Ј-splice site and between U2 and U6 (14 -16) . Subsequently, a Prp19-contaning protein complex joins the spliceosome to stabilize the specific interaction of U5 and U6 with pre-mRNA, generating an activated spliceosome (17) (18) (19) .
After the excision of each intron, the spliceosome is completely dismantled, a process leaving many of the participating complexes altered either in structure or composition (1, 2, 20) . Specifically, the U4/U6.U5 tri-snRNP is thought to disband into individual snRNPs U4, U5, and U6 following the splicing reactions (20 -22) . Reentry into a new cycle therefore requires that these snRNPs reunite as a tri-snRNP. It is believed that the recycling of the U4/U6 di-snRNP requires a conserved auxiliary factor, Prp24 in yeast and hPrp24 or p110 in humans, which associates with U6 snRNP to facilitate the annealing of U4 and U6 snRNAs (23, 24) . Interestingly, Prp24 dissociates from U4/U6 di-snRNP prior to or concomitantly with the association of U4/U6 di-snRNP with U5 snRNP and thus is not a part of the U4/U6.U5 tri-snRNP (24) . The ternary complex between U4 and U6 snRNAs and Prp24 is relatively stable (25) , implying that mechanism/factor(s) is required for the displacement of Prp24 in vivo.
The assembly of the U4/U6 di-snRNP and the U4/U6.U5 tri-snRNP is thought to take place in the Cajal body (26 -29) . It is relatively clear how U4/U6 di-snRNP is assembled, at least in vitro, where hPrp24 and LSm proteins promote the annealing of U4 and U6 snRNA (24, 30) and hSnu13 binds to the 5Ј stem loop of the U4 snRNA to nucleate U4/U6 di-snRNP-specific proteins (31) . However, the molecular events involved in the integration of U4/U6 di-snRNP with U5 snRNP and the formation of mature tri-snRNP are still not fully understood, especially in vivo. The tri-snRNP purified from HeLa cells contains, in addition to U4, U6, and U5 snRNAs, ϳ30 distinct protein species (32, 33) . It is thought that protein-protein interactions, especially the interaction between hPrp31 and hPrp6, play a role in the association of U4/U6 di-snRNP with U5 snRNP (28, 33) , and an early study shows that when incubated with proteins stripped from stable 25S tri-snRNP, isolated 20S U5 snRNP assemble with 10S U4/U6 snRNP to form a stable 25S tri-snRNP in vitro (32) . Nevertheless, the molecular events leading to the release of hPrp24 from U4/U6 di-snRNP and the incorporation of tri-snRNP-specific proteins into tri-snRNP remain unclear.
Previously, we cloned and characterized a gene, ZIP (for zinc finger and G-patch domain-containing protein), from a mammary cDNA library (34) . ZIP harbors a CCCH-type zinc finger and a G-patch domain, both of which are characteristic of proteins implicated in mRNA processing and turnover (35) (36) (37) (38) (39) (40) (41) (42) (43) , suggesting a role for ZIP in RNA metabolism. In this study, we identified a 35S tri-snRNP, which contains ZIP, hPrp24, and hPrp43. We showed that the 35S tri-snRNP is enriched in the Cajal body. We demonstrated that ZIP stimulates the ATPase and RNA helicase activities of hPrp43 and propose that this action is functionally linked to the releasing of hPrp24 during the assembly of the U4/U6.U5 tri-snRNP.
Results

ZIP regulates pre-mRNA splicing independent of RNA binding
As stated above, ZIP contains a CCCH-type zinc finger and a G-patch domain (Fig. 1A) , structural modules often seen in proteins involved in mRNA processing and turnover, which suggests a role for ZIP in RNA metabolism. To investigate whether ZIP is functionally involved in mRNA processing, we first used the RHCglo minigene as a reporter (44) to examine the effect of ZIP on pre-mRNA splicing. The RHCglo minigene has three exons (Fig. 1B) , and the middle exon is skipped in most transcripts. Upon ZIP overexpression, we detected, by semiquantitative RT-PCR, a significant increase in the inclu-Figure 1. ZIP regulates pre-mRNA splicing independent of RNA binding. A, schematic representation of the structure of ZIP. ZnF, CCCH-type zinc finger. B, schematic illustration of the RHCglo minigene reporter. The alternatively spliced middle exon is indicated by a gray box. C, HeLa cells were co-transfected with the RHCglo minigene and ZIP or empty vector, splicing of the RHCglo minigene was determined by semiquantitative RT-PCR, and the results were quantified by densitometry. D, HeLa and MCF-7 cells were co-transfected with the RHCglo minigene or its mutants as well as ZIP or empty vector, and splicing of the RHCglo minigene or its mutants was determined by semiquantitative RT-PCR. Bands marked by arrows are true splicing products confirmed by TA cloning and sequencing, and other bands are aberrant PCR products. ZIP overexpression was analyzed by Western blotting and quantified by densitometry. sion of the middle exon in HeLa cells co-transfected with the RHCglo minigene reporter (Fig. 1C ), suggesting that ZIP is involved in the regulation of alternative splicing.
As splicing regulators typically bind to a specific RNA sequence and recruit spliceosome machinery to the nearby splice sites in their regulation of splicing (45) (46) (47) , and as ZIP contains a CCCH-type zinc finger capable of binding DNA/ RNA, to gain further support of the notion that ZIP regulates pre-mRNA splicing, we constructed a series of deletion mutants of the RHCglo minigene reporter to map the sequence responsible for ZIP's splicing-enhancing function (Fig. 1D ). The deletion mutants of the RHCglo minigene reporter were co-transfected with ZIP in HeLa cells, and the effect of ZIP on the splicing of these constructs was measured by RT-PCR. The results showed that ZIP had a similar impact on the splicing of the RHCglo minigene reporter constructs, except for RHCglo⌬5, which had the middle exon inclusion even in the absence of ZIP ( Fig. 1D ), which might have resulted from the interruption of the intron-splicing silencer of the middle exon (45) (46) (47) . These results suggest that ZIP regulates RHCglo minigene splicing independent of binding to the intron. Notably, in addition to the major spliced transcripts, we found two other splicing products (bands 3 and 4), especially for the RHCglo⌬5 minigene reporter, and remarkably, the overexpression of ZIP resulted in the inhibition of these two splicing products ( Fig. 1D and supplemental File 1). As ZIP might also bind to the exon of RHCglo minigene, we constructed a series of Exon-splicing enhancer (ESE) mutants to examine whether ZIP functions by binding to the exon of RHCglo minigene (Fig. 1D ). To this end, ESE mutants of the RHCglo minigene reporter were cotransfected with ZIP in HeLa cells, and the effect of ZIP on the splicing of these constructs was measured by RT-PCR. The results showed that ZIP affected the splicing of the RHCglo minigene reporter constructs in a similar fashion, except for RHCglomut1 ϩ 2, which skipped the middle exon even when ZIP was overexpressed ( Fig. 1D ). However, this was probably due to the destruction of the middle exon by the ESE mutation itself, as no leaky splicing of the middle exon was detected in the RHCglomut1 ϩ 2 minigene. These results suggest that ZIP regulates RHCglo minigene splicing independent of binding to the exon. Similar results were obtained when the experiments were carried out in MCF-7 cells (Fig. 1D ). These results indicate that ZIP enhances the middle exon inclusion independent of RNA binding and helps exon definition, implying that ZIP regulates pre-mRNA splicing by acting as an atypical splicing regulator through alternative mechanisms.
ZIP is physically associated with tri-snRNP
To gain mechanistic insights into the regulation of splicing by ZIP, we utilized epitope-based proteomic screening with combined immunopurification and mass spectrometry to interrogate the ZIP interactome in vivo. To this end, we established a HeLa cell line stably expressing FLAG-tagged ZIP (FLAG-ZIP). Immunoaffinity purification was performed on whole-cell lysis with anti-FLAG-agarose, and the ZIP-containing complex was eluted under native conditions with excess FLAG peptides. The eluates were resolved on SDS-PAGE, and protein bands were silver-stained and retrieved. Mass spec-trometry consistently identified a series of proteins including all U4/U6.U5 tri-snRNP proteins known currently, as well as several other proteins including hPrp24 and hPrp43 ( Fig. 2A and supplemental Table S1 ), suggesting that ZIP is physically associated with the U4/U6.U5 tri-snRNP in vivo. In support of this notion, detection by Northern blotting of RNAs that were extracted from anti-FLAG immunoprecipitates revealed that indeed U4, U5, and U6 snRNAs, but not U1 and U2, were copurified with ZIP ( Fig. 2B) .
To further support the deduction that ZIP is physically associated with the U4/U6.U5 tri-snRNP in vivo, total proteins from HeLa cells were extracted, and co-immunoprecipitation experiments were performed with antibodies detecting endogenous proteins. Immunoprecipitation with antibodies against ZIP followed by immunoblotting with antibodies against hPrp8, hBrr2, hSnu114, hPrp3, or hSad1 (U4/U6.U5 tri-snRNP proteins) or against U1-70K (U1 snRNP protein) or SF3a66 (U2 snRNP protein) revealed that the protein components of the U4/U6.U5 tri-snRNP, but not of the U1 and U2 snRNPs, could be co-immunoprecipitated efficiently with ZIP ( Fig. 2C ). Reciprocally, immunoprecipitation with antibodies against representative proteins of the tri-snRNP, U1 snRNP, or U2 snRNP followed by immunoblotting with antibodies against ZIP also revealed that ZIP was effectively co-immunoprecipitated with the protein components of the U4/U6.U5 tri-snRNP but not with that of U1 and U2 snRNPs ( Fig. 2C ). Together, these results indicate that ZIP is physically associated with the U4/U6.U5 tri-snRNP in vivo.
Identification of a 35S tri-snRNP containing ZIP, hPrp24, and hPrp43
In addition to U4/U6.U5 tri-snRNP proteins, hPrp24 and hPrp43 were also identified in the ZIP-containing complex in immunopurification and mass spectrometry experiments with a high coverage (supplemental Table S1 ). hPrp24 is a chaperone protein in the assembly of the U4/U6 di-snRNP (23, 24) . It is found in U6 snRNP and U4/U6 di-snRNP but not in U4/U6.U5 tri-snRNP (24) . hPrp43 is an ATPase and DEAH RNA helicase implicated in the disassembly of the spliceosome as well as the biogenesis of the ribosome (48 -52) . The enzymatic activity of its yeast orthologue, Prp43, is regulated by G-patch domain-containing proteins (38, 39, 42) . In addition, hPrp43 also has been identified in 17S U2 snRNP in HeLa cells (53) . To confirm the in vivo interaction of ZIP with hPrp24 and hPrp43, total proteins from HeLa cells were extracted, and coimmunoprecipitation experiments were performed. Immunoprecipitation with antibodies against ZIP followed by immunoblotting with antibodies against hPrp24 or hPrp43 showed that hPrp24 and hPrp43 could be efficiently co-immunoprecipitated with ZIP ( Fig. 3A) . Reciprocally, immunoprecipitation with antibodies against hPrp24 or hPrp43 followed by immunoblotting with antibodies against ZIP also revealed that ZIP co-immunoprecipitated with hPrp24 and hPrp43 ( Fig. 3A) .
To further substantiate the observation that ZIP is physically associated with the U4/U6.U5 tri-snRNP as well as with hPrp24 and hPrp43, and to reconcile the observation that ZIP interacts with hPrp24 but hPrp24 is only found in U6 and U4/U6 snRNPs and not in the U4/U6.U5 tri-snRNP (24), immunoaffinity puri-A 35S U4/U6.U5 tri-snRNP intermediate fication was performed again in HeLa cells stably expressing FLAG-ZIP. The bound complexes were eluted under native conditions with excess FLAG peptides and fractionated on 10 -30% glycerol gradients at 32,000 rpm for 16 h, as described elsewhere (24) , to separate hPrp24-containing U4/U6 di-snRNP and U4/U6.U5 tri-snRNP. Proteins were isolated from gradient fractions and analyzed by SDS-PAGE and silver staining ( Fig. 3B ). To our surprise, we found that the ZIP-containing complex resided primarily on the bottom fraction with a sedimentation coefficient larger than 23S. Examination of the distribution of hPrp24, hPrp43, and representative protein components of tri-snRNP including hSnu114, hPrp3, and hSad1 across the gradient by Western blotting of total proteins recovered from gradient fractions showed that hPrp24, hPrp43, and the tri-snRNP proteins were also mainly detected at the bottom fraction with a sedimentation coefficient larger than 23S ( Fig.  3C ). Notably, hPrp24 and hPrp3 had a second peak with a sedimentation coefficient of about 14S ( Fig. 3C , fractions 12-14), close to U4/U6 di-snRNP sedimentation coefficient of ϳ13S (54) , which is consistent with the notion that hPrp24 is associated with U4/U6 snRNP (24) .
Given the observation that the ZIP-containing complex was larger than 23S, we thus tried to fractionate the immunopurification eluates on 10 -30% glycerol gradients at a lower speed, 25,000 rpm, for 16 h. Analysis of the proteins retrieved from gradient fractions by SDS-PAGE and silver staining showed that the ZIP-containing complex had a sedimentation coefficient around 35S ( Fig. 3D , fractions [15] [16] [17] . Analysis of the distribution of hPrp24, hPrp43, and the representative protein components of tri-snRNP across the gradient by Western blot- Figure 2 . ZIP is physically associated with tri-snRNP. A, mass spectrometry analysis of ZIP-associated proteins. Whole-cell extracts from HeLa cells stably expressing FLAG-ZIP were prepared and subjected to affinity purification with anti-FLAG antibody that was immobilized on agarose beads. The purified protein complexes were resolved on SDS-PAGE and silver-stained, and the bands were retrieved and analyzed by mass spectrometry. Detailed results from the mass spectrometry analysis are provided in supplemental Table S1 . B, Northern blotting analysis of ZIP-associated snRNAs. RNAs were extracted with phenol/ chloroform from the anti-FLAG-purified ZIP-associated complex, precipitated with ethanol, and resolved on a 6% denaturing gel. The blot was then transferred onto nylon membrane and hybridized with U1, U2, U4, U5, and U6 probes. C, co-immunoprecipitation analysis of ZIP-associated snRNP proteins. Whole-cell lysates from HeLa cells were prepared, and immunoprecipitation was performed with anti-ZIP followed by immunoblotting with antibodies against the indicated representative proteins of snRNPs (left) or with antibodies against hSnu114, hPrp3, hSad1, U1-70K, or SF3a66 followed by immunoblotting with anti-ZIP (right).
ting demonstrated that, consistent with the results of silver staining, the major peak of hSnu114, hPrp3, and hSad1, respectively, was detected in fractions 15-17, corresponding to the main peak of ZIP, whereas hPrp24 had two peaks, one at fractions 15-17 corresponding to the peak of ZIP and the tri-snRNP proteins and the other at fractions 7-8 with a sedimentation coefficient of about 14S (Fig. 3E ), consistent with the results described above. Importantly, although hPrp43 displayed a more extended distribution, it had a peak that overlapped with that of ZIP and the tri-snRNP proteins (Fig. 3E ). Significantly, mass spectrometric analysis of the proteins in fractions 15-16 confirmed the existence of ZIP, hPrp24, hPrp43, hSnu114, hPrp3, and hSad1 as well as nearly all other currently known tri-snRNP proteins (supplemental Table S2 ). Collectively, these results support the conclusion that ZIP, hPrp24, and hPrp43, three proteins not reported in the U4/U6.U5 tri-snRNP previously, are associated with the U4/U6.U5 tri-snRNP in vivo.
The existence of stable 35S tri-snRNP particles in vivo
To further support the existence of the 35S tri-snRNP particle in vivo, we next assessed the strength of the interaction Figure 3 . identification of a 35S tri-snRNP containing ZIP, hPrp24, and hPrp43. A, ZIP associates with hPrp24 and hPrp43 in vivo. Whole-cell lysates from HeLa cells were prepared, and immunoprecipitation was performed with anti-ZIP followed by immunoblotting with antibodies against hPrp24 or hPrp43 or with antibodies against hPrp24 or hPrp43 followed by immunoblotting with anti-ZIP. B, ZIP-containing complex is larger than 23S. Affinity-purified ZIPassociated complexes were fractionated on 10 -30% glycerol gradients at 32,000 rpm for 16 h. Proteins from each fraction were resolved on SDS-PAGE and silver-stained. C, ZIP, hPrp24, and tri-snRNP proteins coexist in a complex larger than 23S. Affinity-purified ZIP-associated complexes were fractionated on 10 -30% glycerol gradients at 32,000 rpm for 16 h. Proteins from each fraction were resolved on SDS-PAGE and subjected to Western blot analysis. D, ZIP-containing complex has a sedimentation coefficient of ϳ35S. Affinity-purified ZIP-associated complexes were fractionated on 10 -30% glycerol gradients at 25,000 rpm for 16 h. Proteins from each fraction were resolved on SDS-PAGE and silver-stained, and the bands of fractions 15-16, corresponding to 35S, were retrieved and analyzed by mass spectrometry. Detailed results from the mass spectrometry analysis are provided in supplemental Table S2 . E, ZIP, hPrp24, hPrp43, and tri-snRNP proteins coexist in the ϳ35S complex. Affinity-purified ZIP-associated complexes were fractionated on 10 -30% glycerol gradients at 25,000 rpm for 16 h. Proteins from each fraction were resolved on SDS-PAGE and subjected to Western blot analysis.
A 35S U4/U6.U5 tri-snRNP intermediate
between the components of the 35S U4/U6.U5 tri-snRNP. To this end, the immunoaffinity-purified ZIP-containing complex was washed using solutions of different ionic strengths. Western blot analysis showed that the 35S tri-snRNP was stable at the physiological concentration of NaCl ( Fig. 4A ). Tri-snRNPspecific hSad1 started to dissociate at 200 mM NaCl, consistent with a previous report (55) , and hSnu114 was retained in the complex until NaCl concentration rose to Ͼ300 mM, in accordance with a previous report that tri-snRNP disassembles into U5 and U4/U6 particles at a high-salt concentration (56) . Evidently, although hPrp3 and hPrp24 started to leave the complex when the NaCl concentration was higher than 400 mM, hPrp43 was more stable and associated with ZIP even when the NaCl concentration reached 500 mM. These observations suggest that the 35S tri-snRNP is as stable as the canonical 25S tri-snRNP. Collectively, these findings support the existence of a 35S U4/U6.U5 tri-snRNP in vivo, which appears to represent a state in which U4/U6 di-snRNP is just integrating with U5 snRNP and when hPrp24 is yet to leave during tri-snRNP maturation. This concept is supported by the presence of the ATPase/RNA helicase hPrp43 in the 35S tri-snRNP, which implies that the 35S tri-snRNP is subjected to further remodeling.
To further support the existence of 35S tri-snRNP particle in vivo, affinity-purified ZIP-containing complexes were subjected to GraFix (57), negatively stained with uranyl formate, and analyzed by electron microscopy. These experiments revealed that the 35S ZIP-containing complex displayed a monodispersed particle distribution under negative staining electron microscopy ( Fig. 4B ). Analysis by reference-free single-particle 2D alignment and classification using IMAGIC-4D software demonstrated that although 35S tri-snRNP particles could not be determined specifically, ZIP-containing particles displayed typical views that resemble 3D model reprojections of the humans 25S U4/U6.U5 tri-snRNP (Fig. 4B) .
The 35S tri-snRNP is enriched in the Cajal body
The tri-snRNP that has been recognized thus far is the 25S form of tri-snRNP (32); the 35S tri-snRNP containing ZIP, hPrp24, and hPrp43 has not been reported previously. The 25S tri-snRNP is assembled and matured in the Cajal body (28, 29) . The act of splicing breaks the tri-snRNP into individual snRNPs, which are then recycled back to the Cajal body for reassembly before another round of splicing (58) . It is reported that whereas hPrp24-containing U6 snRNP is localized exclusively in the nucleoplasm, hPrp24-containing U4/U6 di-snRNP preferentially resides in the Cajal body (26, 27) . To further confirm the existence of the 35S tri-snRNP and to define its biological significance, we next determined the subcellular localization of the 35S tri-snRNP by tracking its associated proteins in cells. Analysis by immunofluorescent confocal microscopy of HeLa cells double-labeled with anti-ZIP and anti-coilin showed that ZIP was detected exclusively in the nucleus where it was distributed throughout the nucleoplasm yet enriched in large bright dots ( Fig. 5A ). Remarkably, these dots completely overlapped with the staining of coilin, an unambiguous marker for the Cajal body (59) (Fig. 5A ). Similar results were obtained in HeLa cells expressing EGFP-tagged ZIP (Fig. 5B ). Meanwhile, analysis by immunofluorescent confocal microscopy of HeLa cells double-labeled with anti-hPrp43 and anti-coilin revealed that hPrp43 was also distributed throughout the nucleoplasm, enriched in nuclear speckles, and overlapped with coilin ( Fig.  5C ), in agreement with a previous report that hPrp43 accumu-lates in nuclear speckles in HEp-2 cells (60). Similar results were obtained in HeLa cells expressing EGFP-tagged hPrp43 (Fig.  5D ). Together, these results indicate that the 35S tri-snRNP is enriched in the Cajal body, suggesting that the 35S tri-snRNP is an intermediate during 25S tri-snRNP maturation.
Notably, overexpression of ZIP (EGFP-tagged ZIP) resulted in an increase, compared with overexpression of EGFP only, in the number of Cajal bodies in the nucleus (Fig. 5B ). As it has been reported that the rate of U4/U6 di-snRNP assembly is ϳ11-fold faster (61) and tri-snRNP assembly is ϳ10-fold faster in the Cajal body than in the surrounding nucleoplasm (62), it is 
ZIP interacts with hPrp3 and hPrp43 in the 35S tri-snRNP
To further support the existence of a tri-snRNP intermediate and to investigate the functional role of ZIP in tri-snRNP maturation, we next investigated the molecular interaction of ZIP in tri-snRNP. To this end, the genes encoding for the 35S tri-snRNP proteins hPrp3, hPrp4, hPrp31, and hPrp43 were cloned first from a HeLa cDNA library. Bacterially expressed GST-ZIP was purified and incubated with in vitro transcribed/translated hPrp3, hPrp4, hPrp31, or hPrp43. We found that ZIP interacted with hPrp3 and hPrp43 but not hPrp4 or hPrp31 (Fig. 6A ). Further analysis by GST pulldown assays with bacterially expressed GST-tagged ZIP deletion mutants and in vitro transcribed/translated hPrp3 or hPrp43 demonstrated that the G-patch domain of ZIP was responsible for its interaction with hPrp43 and the N-terminal 140 amino acids of ZIP were necessary for its interaction with hPrp3 ( Fig. 6C) .
Structurally, hPrp3 contains three domains: the middle domain binds to the U4/U6 double helix, the C-terminal domain binds to single-stranded U6 RNA (63) (64) (65) (66) , and the function of the N-terminal domain of hPrp3 is not known. In addition, hPrp24 has also been reported to interact with the middle domain of hPrp3 (67) . However, the function of the N-terminal domain of hPrp3 has not been defined (Fig. 6D ). Immunoprecipitation in HeLa cells transfected with FLAG-tagged deletion mutants of hPrp3 with anti-FLAG followed by immunoblotting with anti-ZIP showed that although the N-terminal domain-deleted hPrp3 mutant could interact with hPrp24, it no longer interacted with ZIP ( Fig. 6D ), indicating that the N-terminal domain of hPrp3 is responsible for interaction with ZIP. This means that hPrp3 could interact with both ZIP and hPrp24.
To understand the functional significance of the physical interaction between ZIP and hPrp3, we investigated the influence of the hPrp3 interaction sequence of ZIP on the subcellular localization of ZIP in the Cajal body. Analysis by immunofluorescent confocal microscopy of HeLa cells transfected with EGFP-tagged ZIP or ZIP deletion mutants showed that the N-terminal domain-deleted ZIP, ZIP⌬1-140, which lacks the sequence responsible for ZIP interaction with hPrp3, failed to be localized in the Cajal body; it displayed a dispersed distribution pattern in the nucleus, whereas the G-patch-deleted ZIP mutant, ZIP⌬G-patch, retained its ability to be localized in the Cajal body (Fig. 6E) . These results indicate that the physical interaction of ZIP with hPrp3 is required for the localization of ZIP in the Cajal body, suggesting that ZIP is recruited to the 35S tri-snRNP by hPrp3.
To understand the functional significance of the physical interaction between ZIP and hPrp43, we first performed coimmunoprecipitation experiments in HeLa cells transfected with FLAG-tagged ZIP deletion mutants. Immunoprecipitation with anti-FLAG followed by immunoblotting with antibodies against 35S tri-snRNP proteins revealed that none of the tested 35S tri-snRNP proteins could be immunoprecipitated with ZIP⌬1-140, whereas all of the tested 35S tri-snRNP proteins, including hPrp43, could be efficiently immunoprecipi-tated with ZIP⌬G-patch ( Fig. 6F ), suggesting that the recruitment of hPrp43 to the tri-snRNP intermediate does not depend on ZIP, reminiscent of the relationship between Spp2 and Prp2 in the B act spliceosome (40) .
We then performed the RHCglo minigene reporter assays again. Co-transfection of ZIP or its deletion mutants and the RHCglo minigene in HeLa cells and analysis by RT-PCR indicated that both ZIP⌬1-140 and ZIP⌬G-patch lost their ability to enhance the inclusion of the middle exon in the RHCglo minigene (Fig. 6G) ; this implies that physical interaction of ZIP with both hPrp3 and hPrp43 is required for the splicing regulatory function of ZIP. We found that ZIP⌬TUDOR also lost its ability to enhance the inclusion of the middle exon in the RHCglo minigene (Fig. 6G ). As the TUDOR domain is located between the 1-140 -amino acid sequence and the G-patch domain, the ZIP⌬TUDOR mutant would alter the relative spatial positioning of the 1-140 sequence and the G-patch domain, leading to a loss of interaction of the ZIP⌬TUDOR mutant with hPrp3 or/and hPrp43 and thus a loss of function of ZIP.
ZIP stimulates the ATPase and RNA helicase activities of hPrp43
hPrp43 possesses both ATPase and RNA helicase activities (68), thought to be important for the remodeling of the tri-snRNP intermediate. To further explore the functional significance of the physical interaction between ZIP and hPrp43, we next tested whether ZIP could influence the enzymatic activities of hPrp43. To this end, the rate of ATP hydrolysis by hPrp43 was measured as a function of ATP concentration in the absence of RNA and in the presence of ZIP or ZIP⌬G-patch. Consistent with its yeast homologue (49), hPrp43 exhibited little ATPase activity when incubated with ATP only. The maximal rate of ATP hydrolysis by hPrp43 at 0.5 mM ATP in this condition was only 0.15 Ϯ 0.09/min (mol ATP/mol protein/ min) ( Fig. 7A ). However, when ZIP was added to the reaction, the maximal rate of ATP hydrolysis at 0.5 mM ATP increased to 10.3 Ϯ 2.0/min, whereas the addition of ZIP⌬G-patch did not result in any appreciable changes in the rate of ATP hydrolysis by hPrp43 ( Fig. 7A ). ZIP itself had no detectable ATPase activity. These results indicate that interacting with ZIP increases the ability of hPrp43 to hydrolyze ATP in the absence of RNA.
As the ATPase activity of its yeast homologue, Prp43, was dependent on the RNA cofactor (49), we thus added saturating concentrations of synthetic RNA 40 to hPrp43 reaction. The rate of ATP hydrolysis at 0.5 mM ATP by hPrp43 was elevated to 13.7 Ϯ 1.5/min by the inclusion of RNA 40 . The addition of ZIP further increased the rate of ATP hydrolysis at 0.5 mM ATP to 86.2 Ϯ 1.1/min, whereas the addition of ZIP⌬G-patch had negligible effects on the rate of ATP hydrolysis by hPrp43 ( Fig. 7B ). Synthetic RNA 40 itself had no detectable ATPase activity in the absence of hPrp43. These results indicate that ZIP and RNA synergistically stimulate the ATPase activity of hPrp43.
To examine the effect of ZIP on the RNA helicase activity of hPrp43, we constructed two RNA-DNA hybrids, containing a 3Ј-or 5Ј-single-stranded tail, respectively, to allow detection of 3Ј-5Ј or 5Ј-3Ј unwinding. Helicase assays were performed by mixing the 3Ј-tailed or 5Ј-tailed substrates with hPrp43 and ATP in the presence or absence of ZIP or ZIP⌬G-patch. The
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unwinding of the substrates was analyzed by native polyacrylamide gel electrophoresis. In the absence of ZIP, no hPrp43mediated unwinding was detected for the 3Ј-tailed substrate, and although a certain degree of unwinding was detected for the 5Ј-tailed substrate, it might have resulted from the instability of the 5Ј-tailed substrate itself, as it partly unwound even in the absence of ATP (Fig. 7C ). However, when ZIP was included in the reaction, both the 3Ј-tailed and 5Ј-tailed substrates were Figure 6 . ZIP interacts with hPrp3 and hPrp43 in the 35S tri-snRNP. A, ZIP interacts with hPrp3 and hPrp43 in vitro. GST pulldown assays were performed with GST-ZIP and in vitro transcribed/translated components of the 35S tri-snRNP. B, schematic representation of ZIP deletion mutants used in GST pulldown, immunofluorescent staining, immunoprecipitation, and splicing reporter assays. C, the N-terminal and G-patch domains of ZIP interact with hPrp3 and hPrp43, respectively. GST pulldown assays were performed with GST-tagged ZIP or its mutants and in vitro transcribed/translated hPrp3 or hPrp43. D, the N-terminal domain of hPrp3 is essential for its interaction with ZIP. HeLa cells were transfected with FLAG-tagged hPrp3 or its mutants. Cellular lysates were prepared and immunoprecipitated with anti-FLAG followed by immunoblotting with antibodies against ZIP or hPrp24. The structure of Prp3 was analyzed using the yeast tri-snRNP structure 5GAN. Deletion mutants of hPrp3 were constructed according to the structure of the Prp3 in tri-snRNP, and their expression in HeLa cells was examined. E, HeLa cells were transfected with EGFP-ZIP⌬1-140 or EGFP-ZIP⌬G-patch, stained with antibodies against coilin, and analyzed by confocal microscopy. Scale bars: 10 m. The Pearson correlation coefficient of colocalization of EGFP-ZIP⌬1-140 and EGFP-ZIP⌬G-patch with coilin was 0.32 Ϯ 0.02 and 0.76 Ϯ 0.01, respectively, based on ImageJ. F, HeLa cells were transfected with FLAG-tagged ZIP⌬1-140 or ZIP⌬G-patch. Cellular lysates were prepared and immunoprecipitated with anti-FLAG followed by immunoblotting with antibodies against the indicated components of the 35S tri-snRNP. G, both the N-terminal and G-patch domains of ZIP are required for inclusion of the middle exon of the RHCglo minigene. HeLa cells were co-transfected with the RHCglo minigene and ZIP or its mutants. Splicing of the RHCglo minigene was determined by semiquantitative RT-PCR, and the results were quantified by densitometry.
efficiently unwound (Fig. 7C) . No hPrp43-mediated unwinding of either substrate was detected when ZIP⌬G-patch was included in the reaction (Fig. 7C) . These results indicate that ZIP stimulates the RNA helicase activity of hPrp43 and that the G-patch domain of ZIP is required for this stimulation.
Discussion
Although the assembly of the U4/U6.U5 tri-snRNP, especially the assembly of the U4/U6 di-snRNP, has been studied intensively in vitro (1, 2, 4, 5) and the final stage of U4/U6.U5 tri-snRNP maturation was found to take place in the Cajal body more than 10 years ago (28) , the molecular events involved in the maturation of the tri-snRNP in vivo remain to be delineated. Previously, we cloned and characterized the ZIP gene, and we reported at the time that ZIP interacts with the chromatinremodeling NuRD complex and functions in transcription regulation (34) . Based on the structural characterization that ZIP contains a CCCH-type zinc finger and a G-patch domain, both . Data are presented as means Ϯ S.D. for three independent measurements. C, ZIP stimulates the helicase activity of hPrp43. RNA helicase assays were performed with 3Ј-tailed (left) or 5Ј-tailed substrates (right) under the indicated conditions. D, the proposed model for the U5 snRNP integrating with the U4/U6 di-snRNP. ZIP is recruited to the U4/U6 di-snRNP by hPrp3 first in the Cajal body. The ZIP-containing U4/U6 di-snRNP is then integrated with the 20S U5 snRNP, tri-snRNP-specific proteins, and hPrp43 to form the 35S tri-snRNP. After remodeling, hPrp24 is released and ZIP and hPrp43 dissociate to generate a more mature tri-snRNP.
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of which are signatory motifs of proteins implicated in RNA processing and turnover (35) (36) (37) (38) (39) (40) (41) (42) (43) , in the current study we investigated the possible role of ZIP in RNA metabolism. We found that ZIP promotes the inclusion of the middle exon of the RHCglo minigene reporter, suggesting that ZIP is a splicing regulator. Consistent with this notion, a high-throughput screening for factors that enhance FGFR2 splicing found that ZIP is the most potent facilitator of the inclusion of the middle exon of the PKC-neg-40B-IF3-Luc minigene reporter (69) . Moreover, we found that ZIP regulates splicing independent of RNA binding, suggesting that ZIP is an atypical splicing regulator and may be an snRNP-associated protein. Indeed, mechanistic studies revealed that ZIP is physically associated with the U4/U6.U5 tri-snRNP. Remarkably, we found that the ZIP-associated tri-snRNP has a sedimentation coefficient of about 35S.
The U4/U6.U5 tri-snRNP that has been recognized thus far is the 25S form (32); the 35S tri-snRNP has not been reported previously. We found that the 35S tri-snRNP contains ZIP, hPrp24, and hPrp43, three proteins that have not been reported in tri-snRNP previously. As it is believed that hPrp24 exists only in U6 and U4/U6 di-snRNP, but not in U4/U6.U5 tri-snRNP (24) , and a recent report found that hPrp24 functions to monitor tri-snRNP assembly by sequestering incomplete particles in the Cajal body (29) , the detection of hPrp24 in ZIP-associated tri-snRNP suggests that the 35S tri-snRNP may represent a state in which U4/U6 di-snRNP is just integrating with U5 snRNP. If this interpretation is correct, it means that the 35S U4/U6.U5 tri-snRNP is an intermediate of the 25S U4/U6.U5 tri-snRNP. Two lines of evidence support this proposition. First, the existence of hPrp43, a DEAH RNA helicase, in the 35S tri-snRNP implies that this assembly is a complex subjecting to further remodeling; and second, the 35S tri-snRNP is enriched in the Cajal body, where the final steps of tri-snRNP maturation take place (28, 29) . Compared with the canonical 25S tri-snRNP, the additional 10S sedimentation coefficient of the 35S tri-snRNP may result from an extended conformation of a noncompact state. Thus, the larger sedimentation coefficient itself might reflect that the 35S tri-snRNP is an incomplete assembly of the mature 25S tri-snRNP.
The snRNP and spliceosomal proteins have been investigated extensively over the last 28 years with the help of mass spectrometry (70) . So, it is hard to imagine that there are still missing proteins in snRNPs and the spliceosome. However, as RNAs and protein components of snRNPs are constantly associated with/dissociated from snRNPs or spliceosome, and as snRNPs and the spliceosome undergo dynamic assembly/disassembly, it is nevertheless possible that the 35S tri-snRNP has evaded detection up to now.
Prp43, the yeast homologue of hPrp43, was initially described as a disassembly factor of the spliceosome required for the release of a spliced-out lariat intron from the U2/U5/U6 post-spliceosome and for the disassembly of this post-spliceosome (21, 48, 49) . It is also proposed that Prp43 acts to maintain the fidelity of the splicing reaction by rejecting suboptimal substrates during spliceosome assembly (71, 72) . In addition, it is reported that Prp43 is associated with pre-ribosomal particles from the initial transcriptional steps of the pre-rRNA to the last maturation steps of the pre-ribosomal particles in the cyto-plasm (50 -52) , suggesting that Prp43 is also involved in ribosome biogenesis. Moreover, hPrp43 has also been identified in the 17S U2 snRNP in humans, although its function in this complex is unclear (53) . We report in the current study that hPrp43 is a component of the 35S tri-snRNP, supporting the functional versatility of this protein in RNA metabolism. hPrp43 is a DEAH RNA helicase. In past years, mounting evidence has indicated that G-patch-containing proteins interact with DEAH RNA helicases Prp43 and Prp2 in yeast and humans and modulate the NTPase and RNA helicase activities of Prp43 and Prp2 in vitro (37-40, 42, 43, 68, 73) . Consistently, we have demonstrated in the current study that ZIP, a G-patchcontaining protein, stimulates the ATPase and RNA helicase activities of hPrp43. We found that, intriguingly, although ZIP is capable of interacting with hPrp43, the recruitment of hPrp43 to the 35S tri-snRNP appears to be independent of ZIP. This kind of relationship has also been reported for Spp2 and Prp2 in the B act spliceosome (40) . Moreover, as mentioned above, hPrp43 also exists in the 17S U2 snRNP, which includes two G-patch-containing proteins, CHERP and SPF45 (53) . It is conceivable that CHERP and SPF45 function to influence the activities of hPrp43 during U2 snRNP assembly or the branch point recognition during spliceosome assembly. Clearly, more studies are needed to understand the relationship between the structure and function of G-patch domain-containing proteins, especially in the context of RNA metabolism. In addition, target analysis for Prp43 in yeast by CRAC UV cross-linking has determined that it is involved mainly in pre-rRNA processing and targets U6 snRNA (74) . Given the complexity of the human spliceosome and ribosome, it will be interesting to identify the targets of hPrp43 in human cells.
hPrp24 protein is required for the annealing of U4 and U6 snRNAs (23, 24) . It forms a stable ternary complex with U4 and U6 thereafter (25) but is not found in mature tri-snRNP (24) . Another U4/U6 di-snRNP protein, hPrp3, contains three domains, with the middle domain binding to the U4/U6 double helix and the C-terminal domain binding to single-stranded U6 RNA (63, 64, 66) . In addition, the middle domain of hPrp3 also interacts with hPrp24 (67). However, the function of the N-terminal domain of hPrp3 is unknown. In this study, we found that the N-terminal domain of hPrp3 interacts with the N terminus of ZIP. Because ZIP also interacts with hPrp43 through its G-patch domain, the molecular interactions among hPrp3, hPrp24, ZIP, and hPrp43 point to a scenario that brings hPrp24 and hPrp43 to a short distance within the 35S tri-snRNP. As hPrp24 is not found in mature 25S tri-snRNP (24) and thus must leave before 25S tri-snRNP maturation, it is plausible to postulate that hPrp43 is functionally linked to the departure of hPrp24 in 35S tri-snRNP. Based on this idea and on our finding that there exists a ϳ14S ZIP-and hPrp24-containing di-snRNP when ZIP-containing complexes are separated, we propose that ZIP is recruited to the U4/U6 di-snRNP by hPrp3 first. It is then integrated with the 20S U5 snRNP, tri-snRNP-specific proteins, and hPrp43 to form a 35S tri-snRNP in the Cajal body, where hPrp24 dissociates after remodeling and ZIP and hPrp43 also depart to generate a more mature tri-snRNP (Fig. 7D) .
We also tested the effect of loss-of-function ZIP on the splicing of the minigene reporter and found that ZIP depletion A 35S U4/U6.U5 tri-snRNP intermediate had no significant influence on the splicing of the minigene reporter. There is no ZIP homologue in yeast, and whether functionally redundant proteins exist in humans is currently unknown. After all, not all cell types harbor the Cajal body (75). Thus, it is possible that the biogenesis and recycling of the tri-snRNP occurs through alternative pathways in cells that have no Cajal bodies. We did not detect any overt phenotype in the ZIP knock-out mouse either. This is rather surprising but is reminiscent of Coilin knock-out. Coilin is the backbone and marker of the Cajal body (59) . Coilin disruptions in plants and flies have no detectable effect on viability or fertility (76, 77) , and Coilin null mice have no appreciable abnormalities (78, 79) . Therefore, the possibility that ZIP regulates splicing in a tissuespecific manner or environmentally dependent fashion cannot be excluded. Hopefully, future investigations will be able to address these issues. Moreover, the functional relationship between transcription regulation (34) and tri-snRNP assembly of ZIP is currently unclear, and whether these processes involve alternatively spliced ZIP awaits further elucidations. Nevertheless, we report in the current study the identification of a previously undescribed 35S U4/U6.U5 tri-snRNP. We found that this tri-snRNP contains ZIP, hPrp24, and hPrp43. We demonstrated that ZIP acts to stimulate the enzymatic activity of hPrp43 and thus propose that this stimulation may be functionally linked to the releasing of hPrp24.
Materials and methods
Antibodies and plasmids
The antibodies used were: anti-hPrp8 (11171-1-AP), anti-hBrr2 (23875-1-AP), anti-hSnu114 (10208-1-AP), anti-hSad1 (23865-1-AP), anti-SF3a66 (15596-1-AP), and anti-hPrp24 (18025-1-AP) from Proteintech; anti-hPrp3 (sc-102068), anti-U1-70K (sc-390899), and anti-coilin (sc-55594) from Santa Cruz Biotechnology; anti-hPrp43 (A300 -390A) from Bethyl; and anti-FLAG (F3165) from Sigma. Polyclonal antibodies against ZIP were raised against purified recombinant ZIP (1-200 amino acids) in rabbits by GenScript. The RHCglo minigene reporter was kindly provided by Thomas A. Cooper (Baylor College of Medicine) (44) . Deletion mutants of the RHCglo minigene reporter were constructed by overlapping PCR. ESEs of the middle exon were predicted by ESEfinder (80) , and the middle four bases of each ESE motif were mutated to ACCA. Wild-type and deletion mutants of ZIP were amplified by PCR and inserted into pcDNA3.1(Ϫ) with an N-terminal FLAG tag or into the pET-42a(ϩ) or pEGFP-N1 vector. The cDNA for hPrp3, hPrp4, hPrp31, and hPrp43 was amplified by PCR and inserted into the pcDNA3.1(Ϫ) vector with an N-terminal FLAG tag. Deletion mutants of hPrp3 were generated by subcloning the corresponding fragments of hPrp3 into the pcDNA3.1(Ϫ) vector with an N-terminal FLAG tag. To purify proteins for hPrp43 enzymatic activity assays, the cDNA for hPrp43, ZIP, and ZIP⌬G-patch was subcloned into a modified pSUMO-pET-28a(ϩ) vector. All clones were confirmed by DNA sequencing.
Cell culture and transfection
HeLa and MCF-7 cell lines were obtained from ATCC. Cells were maintained in DMEM (Hyclone) supplemented with 10% FBS. Transfections were carried out using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instruction.
RT-PCR
Total RNAs were isolated from cells with TRIzol reagent (Invitrogen). Any potential DNA contamination was removed by treatment with RNase-free DNase (Promega). First-strand cDNA was synthesized with the reverse transcription system (Promega, A3500). PCR was performed with TNIE4 (5Ј-AGG-TGCTGCCGCCGGGCGGTGGCTG-3Ј) and RSV5U (5Ј-CATTCACCACATTGGTGTGC-3Ј) primers, resolved on a 5% polyacrylamide gel, and stained with SYBR Gold (Invitrogen). The identity of the splicing variants was confirmed by TA cloning and DNA sequencing.
Immunopurification, silver staining, and mass spectrometry
The HeLa cell line stably expressing FLAG-tagged ZIP was generated by infecting HeLa cells with lentiviruses carrying FLAG-tagged ZIP and selected with 1.5 g/ml puromycin. Cellular lysates were obtained from ϳ5 ϫ 10 8 cells lysed in cold Nonidet P-40 buffer (50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 0.5% Nonidet P-40) plus protease inhibitors (Roche Applied Science) for 30 min at 4°C. This was followed by centrifugation at 14,000 ϫ g for 20 min at 4°C. The protein supernatant was incubated with anti-FLAG M2 gel (Sigma) for 2 h at 4°C. After washing with cold Nonidet P-40 buffer five times, FLAG-peptides (Sigma) were used to elute the protein complex from the gel following the manufacturer's instruction. The eluted protein complexes were then resolved on NuPAGE, 4 -12% bis-Tris gel (Invitrogen), stained with a Pierce silver-staining kit, and subjected to LC-MS/MS (LTQ Orbitrap Elite) sequencing and data analysis.
Northern blotting
Total RNAs were extracted with phenol/chloroform from the affinity-purified protein complexes, precipitated with ethanol, and subjected to electrophoresis on a 6% urea denaturing gel. The blot was then transferred onto a nylon membrane (Hybond-Nϩ, GE Healthcare), hybridized with U1, U2, U4, U5, and U6 biotin-labeled DNA probes, and detected by using a chemiluminescent nucleic acid detection module kit (Thermo Scientific Pierce). The probe sequences were: U1, 5Ј-TCCCC-TGCCAGGTAAGTATC-3Ј; U2, 5Ј-TTAGCCAAAAGGCC-GAGAAGCGAT-3Ј; U4, 5Ј-GGGGTATTGGGAAAAGTT-TTC-3Ј; U5, 5Ј-GATTTATGCGATCTGAAGAGAAACC-3Ј; and U6, 5Ј-TTCTCTGTATCGTTCCAAT-3Ј.
Immunoprecipitation and Western blotting
For immunoprecipitation experiments, HeLa cells were lysed in cold Nonidet P-40 buffer plus protease inhibitors for 30 min at 4°C followed by centrifugation at 13,200 ϫ g for 15 min at 4°C. The protein supernatant was incubated with 1 g of specific antibodies for 12 h at 4°C with constant rotation; 50 l of 50% protein A-or G-agarose beads (GE Healthcare) was then added, and the incubation was continued for an additional 2 h. The beads were then washed five times with the Nonidet P-40 buffer. Between washes, the beads were collected by centrifugation at 500 ϫ g for 5 min at 4°C. The precipitated pro-A 35S U4/U6.U5 tri-snRNP intermediate teins were eluted from the beads by resuspending the beads in 2ϫ SDS-PAGE loading buffer and boiling them for 10 min. The resultant materials from immunoprecipitation or cellular lysates were then resolved using 8% SDS-PAGE and transferred onto nitrocellulose membranes. For Western blotting, membranes were incubated with the appropriate antibodies overnight at 4°C followed by incubation with an HRP-conjugated secondary antibody (Jackson ImmunoResearch). Immunoreactive bands were visualized using Western blotting Luminol reagent (Santa Cruz Biotechnology) according to the manufacturer's recommendation.
Glycerol gradient sedimentation
For fractionation of ZIP-containing complexes, 400 l of eluted complexes was loaded onto an 11-ml glycerol gradient (10 -30% (v/v) glycerol in buffer G (20 mM HEPES-KOH, pH 7.9, 150 mM NaCl, 1.5 mM MgCl 2 )). After ultracentrifugation (32,000 or 25,000 rpm, Beckman SW 40 Ti rotor) at 4°C for 16 h, 500 l of fractionated materials were retrieved from top to bottom of the gradient. Sedimentation markers used were 16S and 23S rRNA (Roche Applied Science) and 30S and 50S ribosome subunits (New England Biolabs). Proteins from each fraction were resolved on SDS-PAGE and subjected to silver staining or Western blot analysis.
Negative-staining EM and image processing
The 35S ZIP-containing complex was separated and fixed using the GraFix procedure (57) on a 4-ml linear 10 -30% (v/v) glycerol and 0%-0.1% (v/v) glutaraldehyde gradient in buffer G. Samples were negatively stained in 2% (w/v) uranyl acetate (Electron Microscopy Sciences) solution following the standard deep-stain procedure on holey carbon-coated EM copper grids covered with a thin layer of continuous carbon. Then, negatively stained specimens were examined by a Tecnai Spirit electron microscope operated at 120-kV acceleration voltage, and magnified digital micrographs of the specimens were taken on a Gatan UltraScan 4000 CCD camera. Reference-free 2D alignment and classification were performed using IMAGIC-4D (81), and the results were compared with reprojections of humans 25S tri-snRNP structure (EMD-1257) (82) .
Immunofluorescent microscopy
HeLa cells grown on 6-well chamber slides were fixed in 4% paraformaldehyde, washed with PBS, permeabilized with 0.2% Triton X-100, blocked with 0.8% BSA, and incubated with the appropriate primary antibodies followed by staining with FITC-or TRITC-conjugated secondary antibodies (Jackson ImmunoResearch). Cells were then washed four times, and a final concentration of 0.1 g/ml DAPI (Sigma) was included in the final wash to stain the nuclei. Images were visualized and recorded with an Olympus FV1000S confocal microscope. For detection of EGFP constructs in the cells, fixation was done 36 h after transfection.
GST pulldown assay
GST fusion constructs were expressed in Escherichia coli bacteria. Crude bacterial lysates were prepared by sonication in TEDGN (50 mM Tris-HCl, pH 7.4, 1.5 mM EDTA, 1 mM dithi-othreitol, 10% (v/v) glycerol, 0.4 M NaCl) in the presence of the protease inhibitor mixture. In vitro transcription/translation was carried out with rabbit reticulocyte lysate (TNT Systems, Promega) according to the manufacturer's recommendation. In GST pulldown assays, about 4 g of the appropriate GST fusion proteins was mixed with 8 l of the in vitro transcribed/ translated products and incubated in binding buffer (150 mM NaCl, 50 mM HEPES, pH 7.9) at room temperature for 30 min in the presence of the protease inhibitor mixture. The binding reaction was then added to 30 l of glutathione-Sepharose beads (GE Healthcare) and mixed at 4°C for 2 h. The beads were washed five times with binding buffer, resuspended in 30 l of 2ϫ SDS-PAGE loading buffer, and subjected to Western blot analysis.
Expression and purification of recombinant proteins
Single colonies of transformed Transetta(DE3) (TransGen Biotech) cells were maintained at 37°C in LB medium containing kanamycin (50 g/ml) with constant shaking. When the A 600 of cultures reached 0.6 -0.8, the cultures were chilled for 30 min on ice, IPTG was added to a final concentration of 0.2 mM, and the cultures were incubated for 18 h at 18°C with constant shaking. Cells were harvested by centrifugation at 4000 rpm for 10 min and stored at Ϫ80°C. Protein purification was performed as described previously with some modifications (83) . The following operations were performed at 4°C. Cell pellets were suspended by vortexing in 5 ml of lysis buffer (50 mM HEPES-NaOH, pH 7.5, 600 mM NaCl, 2 mM ␤-mercaptoethanol, 20 mM imidazole, and 10% (v/v) glycerol)/1 g of cells with PMSF (Sigma) and lysed by ultrasonication. Insoluble material was removed by centrifugation for 40 min at 13,200 ϫ g. The supernatant was applied to HisTrap HP columns (GE Healthcare) pre-equilibrated with lysis buffer using the Äkta Prime system (GE Healthcare). Unspecifically bound proteins were removed by washing with 10 column volumes (CV) of lysis buffer followed by 2 CV of washing buffer (20 mM HEPES-NaOH, pH 7.5, 2 M LiCl, 5% glycerol) to remove nucleic acid and further by 2 CV of lysis buffer. Bound proteins were eluted with a 20-CV gradient of 20 -100% elution buffer (50 mM HEPES-NaOH, pH 7.5, 600 mM NaCl, 2 mM ␤-mercaptoethanol, 250 mM imidazole, 10% (v/v) glycerol). Elution of the proteins was monitored by SDS-PAGE analysis of the obtained fractions. The elution buffers were exchanged by dialysis against lysis buffer containing 20 mM imidazol. The His-SUMO tags were cleaved with Ulp1. Proteins were then applied again onto affinity columns to remove cleaved tags and proteases, and purified proteins without tags were collected in the flow-through. Proteins were concentrated using an Amicon Ultra-15 centrifugal filter unit (Millipore) and further purified by size exclusion chromatography (GE Healthcare) using buffers containing 20 mM HEPES-NaOH, pH 7.5, 200 mM NaCl, 2 mM DTT, and 5% (v/v) glycerol.
ATPase assay
The ATPase activity of the proteins (100 nM hPrp43 with or without 500 nM of RNA 40 and 100 nM ZIP or ZIP⌬G-patch) was measured at 0.01, 0.1, and 0.5 mM ATP (Thermo Scientific Pierce) in 30°C with a QuantiChrom TM ATPase/GTPase assay A 35S U4/U6.U5 tri-snRNP intermediate kit (BioAssay Systems) according to the manufacturer's instruction. The RNA 40 sequence was 5Ј-GCCGCCGUUCUCC-UGGAUCCAUAGGCACUGAGUUGGUAUG-3Ј as described previously (84) .
Helicase assay
3Ј-and 5Ј-tailed RNA/DNA substrates were prepared as described previously with some modifications (39) . Briefly, a 98-nucleotide RNA strand, 5Ј-GGGAGACCCAAGCUGGCU-AGCGUUUAAACGGGCCCUCUAGACUCGAGCGGCCG-CCACUGUGCUGGAUAUCUGCAGAAUUCCACCACAC-UGGACUAGUG-3Ј, was synthesized by in vitro transcription from a BamH I linearized pcDNA3.1(Ϫ) vector and annealed to biotin-labeled DNA oligonucleotides, 5Ј-CGCTAGCCAGCT-TGGGTCTCCC-biotin-3Ј to generate a 3Ј-tailed 22-bp duplex and 5Ј-biotin-CACTAGTCCAGTGTGGTGGAATTCTGC-3Ј to yield a 5Ј-tailed 27-bp duplex. The relative stability of the 22-bp RNA/DNA duplex with a 3Ј overhang, calculated using nearest-neighbor parameters (85), was Ϫ37.2 kcal/mol, similar to that of the 5Ј-tailed 27-bp duplex (Ϫ37.4 kcal/mol). The annealed substrates were gel-purified by 6% native PAGE. The reaction mixtures (10 l) (3Ј-or 5Ј-tailed RNA/DNA substrate, 100 nM hPrp43 and 100 nM ZIP or ZIP⌬G-patch, 40 mM Tris-HCl, pH 7.0, 2 mM DTT, 250 nM excessive unlabeled antisense DNA oligonucleotide) were preincubated for 15 min on ice followed by the addition of 1 mM ATP and incubation at 30°C. The reactions were stopped 40 min later by the addition of 2 l of a solution containing 1 mg/ml proteinase K, 1.25% SDS, 50 mM Tris-HCl, pH 7.4, 0.06% bromphenol blue, 0.06% xylene cyanol, and 30% glycerol. The samples were resolved by electrophoresis on an 8% native polyacrylamide gel using 1ϫ TBE as running buffer, transferred onto nylon membrane, and then detected using a chemiluminescent nucleic acid detection module kit.
Statistical analysis
The bands were quantified by densitometry with ImageJ software. The results were reported as mean Ϯ S.D., and the statistical analysis was performed using an unpaired two-tailed t test between control and experimental groups with p Ͻ 0.05 considered statistically significant.
Author contributions-Z. C. and Y. S. designed the experiments, interpreted the data, and wrote the paper. Z. C., B. G., Y. Z., G. X., W. L., S. L., B. X., C. W., L. H., J. Y., X. Y., X. Y., L. S., and J. L. carried out the experiments.
